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LINEARIZED OPTICAL
DIGITAL-TO-ANALOG MODULATOR

RELATED APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 14/662,343 filed Mar. 19, 2015, which is a
continuation of U.S. patent application Ser. No. 14/325,486
filed Jul. 8, 2014, now U.S. Pat. No. 9,031,417, which is a
continuation of U.S. patent application Ser. No. 13/280,371,
filed Oct. 25, 2011, now U.S. Pat. No. 8,797,198, which is
a continuation of U.S. patent application Ser. No. 12/636,
805, filed Dec. 14, 2009, now U.S. Pat. No. 8,044,835,
which is a continuation-in-part of PCT Patent Application
No. PCT/IL2008/000805, filed Jun. 12, 2008, which claims
the benefit of priority of U.S. Provisional Patent Application
No. 60/943,559, filed Jun. 13, 2007.

The contents of the above applications are all incorpo-
rated by reference as if fully set forth herein in their entirety.

FIELD AND BACKGROUND OF THE
INVENTION

The present invention relates to optical modulators and, in
particular, it concerns a linearized optical digital-to-analog
modulator.

There is a tangible need for high-performance and large
bandwidth digital to analog signal conversion. Furthermore,
as the RF and digital domains converge, entirely new
solutions will be needed to enable multi-GHz mixed-signal
systems. Probably the most prominent area to benefit is the
wireless communication industry. The ever increasing thirst
for bandwidth will require data converters to deliver greatly
increased performance. For example, analog signals are
transmitted in cable television (CATV) via optical fibers and
the demand for increasing bandwidth is driving technology
to speed-up the processing of signals as well as the trans-
mission. High performance digital to analog conversion is
also required to address the growing demands of wireless
carriers for supporting the heavy traffic expected in the base
station. Additional specific areas to benefit include: the
defense and government industries that concentrate on
deploying multi-function, dynamically reconfigurable sys-
tems (RADAR, electronic warfare, and surveillance appli-
cations); medical imaging; and hyper/super-computer com-
munications.

One of the most widely deployed devices for analog
optics modulation is the Mach-Zehnder Interferometer
modulator (MZI). For binary digital signals, it is today the
preferred device for long-haul fiber-optic communication,
leading to chirp-free pulses which can reach hundreds of
kilometers in optical fibers without the need for regenera-
tion. For analog applications, however, a serious problem is
encountered due to the inherent non-linear response of the
modulator. Specifically, since the modulating voltage via the
electro-optic effect controls the optical phase delay in a
basically linear fashion and the attenuation varies as the
cosine of the phase difference between the two branches of
the device, a linear variation in phase difference and thus in
applied voltage results in a cosine-shaped output variation,
as seen in the pattern of points in FIG. 2A. The common
solutions for this problem are either the biasing of the device
to a quasi linear regime coupled with reducing the modu-
lation range to reduce distortion, or use of an analog
pre-distortion circuit to feed the modulator. Since in prac-
tically all present systems signals are processed digitally, a
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2

multi-bit Digital-to-Analog Converter (DAC) device is
needed with fast processing capabilities.

A DAC based on a multi-electrode MZI modulator con-
cept was proposed many years ago by Papuchon et al. and
is described in U.S. Pat. No. 4,288,785. In that device, the
electrodes’ sectioning length followed a conventional
power-of-two digital sequence, which did not solve the
non-linearity problem, and thus suffered from severe limi-
tation in the dynamic range, and subsequently the attainable
resolution. More recently, much more complex devices have
been presented to cope with these problems: Yacoubian et al.
(“Digital-to-analog conversion using electrooptic modula-
tors,” IEEE Photonics Technology Letters, vol. 15, pp.
117-119, January 2003), proposed the employment of one
MZI1 modulator for each and every bit. A recently reported
design by Leven et al. (“4 12.5 gsamples/s optical digital-
to-analog converter with 3.8 effective bits,” Lasers and
Electro-Optics Society, 2004. LEOS 2004. The 17th Annual
Meeting of the IEEE, vol. 1, pp. 270-271, November 2004),
also the subject of U.S. Pat. No. 7,061,414 entitled “Optical
Digital-To-Analog Converter” to YK Chen et al., employs a
single modulator for every 2 bits and is highly nonlinear; it
yields only 3.8 effective bits for a 6 bit design.

There is therefore a need for a digital to analog converter
which would offer improved linearity of response without
sacrificing efficiency or dynamic range.

SUMMARY OF THE INVENTION

The present invention is a linearized optical digital-to-
analog modulator.

According to the teachings of the present invention there
is provided, a modulator device for converting digital data
into analog modulation of the power of an optical signal, the
modulator device comprising: (a) an electronic input for
receiving an input data word of N bits; (b) an electrically
controllable modulator for modulating the intensity of an
optical signal, the modulator including M actuating elec-
trodes where M=N; and (c¢) an electrode actuating device
associated with the electronic input and the modulator, the
electrode actuating device being responsive to the input data
word to supply an actuating voltage to the actuating elec-
trodes, wherein the electrode actuating device actuates at
least one of the actuating electrodes as a function of values
of more than one bit of the input data word.

According to a further feature of the present invention, the
electrode actuating device includes a digital-to-digital con-
verter.

According to a further feature of the present invention, the
modulator is a modulated semiconductor light generating
device. According to an alternative feature of the present
invention, the modulator is an electro-absorption modulator.
According to yet a further alternative, the modulator is a
Mach-Zehnder modulator.

According to a further feature of the present invention, in
the case of a Mach-Zehnder modulator, the modulator
includes M actuating electrodes on each of two waveguide
branches of the modulator. In certain preferred cases, M is
greater than N.

According to a further feature of the present invention, in
the case of a Mach-Zehnder modulator, the electrode actu-
ating device is configured to actuate the first and second
pluralities of actuating electrodes so as to modulate the
optical signal according to a QAM (Quadrature Amplitude
Modulation) modulation scheme with at least 16 constella-
tion points.
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According to a further feature of the present invention, the
electrode actuating device is configured to actuate the first
and second pluralities of actuating electrodes so as to
modulate the optical signal to a minimum amplitude for a
return-to-zero signal between successive input data words.

According to a further feature of the present invention, the
modulator has a maximum dynamic range, and wherein the
electrode actuating device is configured to actuate the actu-
ating electrodes so as to generate modulation of the optical
signal spanning a majority of the dynamic range.

According to a further feature of the present invention, the
electrode actuating device is configured to apply one of two
common actuating voltages to the actuating electrodes.

According to a further feature of the present invention, the
actuating electrodes have differing effective areas. Accord-
ing to one set of applications, the differing effective areas
form a set, members of the set being interrelated approxi-
mately by factors of two. In other preferred cases, the set
including at least one effective area which is not interrelated
to others of the set by factors of two.

According to a further feature of the present invention, the
modulator has a non-linear response, and the electrode
actuating device is configured to actuate the actuating elec-
trodes so as to generate an improved approximation to a
linear modulation of the optical signal as a function of the
input data word.

According to a further feature of the present invention,
there is also provided an optical to electrical converter
deployed so as to generate an electrical signal as a function
of intensity of the modulated optical signal.

There is also provided according to a further feature of the
present invention, an apparatus comprising a digital-to-
analog converter, the converter comprising: (a) an electronic
input for receiving an input data word of N bits; (b) an
electrically controllable modulator for modulating the inten-
sity of an optical signal, the modulator including M actuat-
ing electrodes where M=N; and (c) an electrode actuating
device associated with the electronic input and the modu-
lator, the electrode actuating device being responsive to the
input data word to supply an actuating voltage to the
actuating electrodes, wherein the electrode actuating device
actuates at least one of the actuating electrodes as a function
of values of more than one bit of the input data word.

There is also provided according to the teachings of the
present invention, a method for converting a digital data
input word of N bits into an analog signal comprising: (a)
processing the digital data input word to generate an elec-
trode actuation vector of M values where M=zN; and (b)
applying M voltage values corresponding to the actuation
vector values to M actuating electrodes of an electrically
controllable modulator for modulating the intensity of an
optical signal, wherein at least one value of the actuation
vector varies as a function of values of more than one bit of
the input data word.

According to a further feature of the present invention, the
electrode actuation vector is a binary vector, and wherein the
M voltage values are selected from two voltage levels
according to the M binary values.

According to a further feature of the present invention, the
processing is performed by a digital-to-digital converter.

According to a further feature of the present invention, an
electrical output is generated as a function of the intensity of
the modulated optical signal.

There is also provided according to the teachings of the
present invention, a modulator device for converting digital
data into analog modulation of the power of an optical
signal, the modulator device comprising: (a) an electronic
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input for receiving an input data word of N bits; (b) a
semiconductor light generating device for generating an
optical signal of variable intensity, the semiconductor light
generating device including M actuating electrodes where
Mz=N; and (c) an electrode actuating device associated with
the electronic input and the semiconductor light generating
device, the electrode actuating device being responsive to
the input data word to supply an actuating voltage to the
actuating electrodes, thereby generating an output intensity
corresponding substantially to the input data word.

According to a further feature of the present invention, the
actuating electrodes have differing effective areas.

According to a further feature of the present invention, the
differing effective areas form a set, members of the set being
interrelated approximately by factors of two.

According to a further feature of the present invention, the
differing effective areas form a set, the set including at least
one effective area which is not interrelated to others of the
set by factors of two.

According to a further feature of the present invention,
M=N.

According to a further feature of the present invention, the
semiconductor light generating device is a semiconductor
laser.

According to a further feature of the present invention, the
semiconductor laser further includes a threshold electrode
configured to provide a threshold actuation current.

According to a further feature of the present invention, the
semiconductor light generating device is a light emitting
diode.

There is also provided according to the teachings of the
present invention, a modulator device for converting digital
data into analog modulation of the power of an optical
signal, the modulator device comprising: (a) an electronic
input for receiving an input data word of N bits; (b) an
electrically controllable modulator for modulating the inten-
sity of an optical signal, the modulator including M actuat-
ing electrodes where M=N; and (c) an electrode actuating
device associated with the electronic input and the modu-
lator, the electrode actuating device being responsive to the
input data word to supply an actuating voltage to the
actuating electrodes, wherein the actuating electrodes have
differing effective areas, the differing effective areas forming
a set, the set including at least one effective area which is not
interrelated to others of the set by factors of two.

At this point, it will be useful to define various terminol-
ogy as used herein in the description and claims. The terms
“digital” and “analog” are used in their normal senses as
common in the field. Specifically, “digital” refers to a form
of data where values are stored or processed numerically,
typically broken up into bits of a binary number for machine
processing, whereas “analog” refers to a form of data in
which values are represented by different levels within a
range of values of an essentially continuously variable
parameter.

The phrase “digital-to-digital converter” is used to refer to
a device which maps a set of possible digital input values to
a set of possible digital output values, where the input and
output values are non-identical. The “digital-to-digital con-
verter” employed by certain embodiments of the present
invention is a non-trivial converter in which there is typi-
cally not a one-to-one mapping between bits of the input
data and bits of the output data, as will be clear from the
description following.

The term “binary” is used to refer to values, voltages or
other parameters which assume one or other of only two
possible values, and modes of operation which use such
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parameters. In this context, voltage levels are referred to as
“common” to a number of electrodes if activation of the
electrodes is performed by switching connection of each of
the electrodes between the voltage values in question.

The term “electrode” is used to refer to the electrical
connections of an optical modulator device through which
the device is controlled. In the case of an electrode which
applies an electric field to affect the optical properties of an
adjacent material, reference is made to an “effective area”
which is used as an indication of the relative influence of the
electrode compared to that of other electrodes on the optical
properties of the underlying waveguide if actuated by a
similar voltage. In many cases, the actuating electrodes are
all of the same effective width, for example where they
overlie a long narrow waveguide. The “effective area” may
then be referred to as an “effective length”, corresponding to
the length of waveguide overlaid by the corresponding
electrode and related to the “effective area” by a constant
scaling factor. This scaling factor will vary according to
variations in shape, width, waveguide properties or other
design parameters. Any part of the electrode not overlying
the active part of the modulator device or otherwise inef-
fective for generating modulation of an optical signal is not
included in the “effective area”.

The term “modulator” is used to refer to any device which
outputs an optical signal with controlled variation of inten-
sity, whether the variation is induced during production of
the signal (such as in a semiconductor laser) or whether a
signal input from another source is modified.

The term “optical power” is used to refer to the quanti-
tative manifestation of the analog optical signal.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

The invention is herein described, by way of example
only, with reference to the accompanying drawings,
wherein:

FIG. 1 is a schematic representation of a modulator
device, constructed and operative according to the teachings
of the present invention, for converting digital data into
analog modulation of an optical or electrical signal;

FIG. 2Ais a graph showing the intensity output generated
by an unmodified Mach-Zehnder modulator employing four
electrodes with lengths interrelated by factors of two and
driven directly by corresponding bits of a digital input word,
the output being shown relative to a line corresponding to an
ideal linear response;

FIG. 2B is a graph showing an intensity output generated
according to an implementation of the present invention
employing a full-range Mach-Zehnder modulator with four
electrodes of lengths interrelated by factors of two driven
according to the teachings of the present invention;

FIG. 2C is a graph similar to FIG. 2B showing the
intensity output achieved by further modifying electrode
lengths according to a further aspect of the present inven-
tion;

FIG. 3A is a graph showing the intensity output achieved
by the modulator of the present invention implemented with
five actuating electrodes for a four bit input word, where the
five electrodes have lengths interrelated by factors of two;

FIG. 3B is a graph similar to FIG. 3A showing the
intensity output achieved by further modifying electrode
lengths according to a further aspect of the present inven-
tion;

FIG. 4 is a table illustrating a digital-to-digital converter
input and output where the input corresponds to the input
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data word and the output corresponds to the electrode
actuation pattern for generating the outputs of FIGS. 2B and
2C;

FIG. 5 is a table illustrating unoptimized and optimized
normalized electrode lengths for cases on input words of 4
and 8 bits and numbers of electrodes of 4, 5, 8, 9 and 10;

FIG. 6A is a graph showing the intensity output generated
by an unmodified Mach-Zehnder modulator employing
eight electrodes with lengths interrelated by factors of two
and driven directly by corresponding bits of a digital input
word, the output being shown relative to a line correspond-
ing to an ideal linear response;

FIG. 6B is a graph showing an intensity output generated
according to an implementation of the present invention
employing a Mach-Zehnder modulator with eight electrodes
of lengths interrelated by factors of two driven according to
the teachings of the present invention;

FIG. 6C is a graph similar to FIG. 6B showing the
intensity output achieved by further modifying electrode
lengths according to a further aspect of the present inven-
tion;

FIG. 7A is a graph showing the intensity output achieved
by the modulator of the present invention implemented with
nine actuating electrodes for an eight bit input word, where
the nine electrodes have lengths interrelated by factors of
two;

FIG. 7B is a graph similar to FIG. 7A showing the
intensity output achieved by further modifying electrode
lengths according to a further aspect of the present inven-
tion;

FIG. 8 is a schematic representation of an alternative
implementation of the present invention based upon an
electro-absorption modulator (EAM);

FIG. 9 is a schematic representation of yet another alter-
native implementation of the present invention based upon
a semiconductor laser;

FIG. 10 is a schematic representation of a modulator
device, similar to the device of FIG. 1, implemented as a
16-QAM modulator;

FIG. 11A is a constellation diagram for the device of FIG.
10 illustrating a choice of constellation points, and corre-
sponding electrode actuation patterns, for implementing a
16-QAM modulator;

FIG. 11B is a graph showing the symbol error rate
performance for the devices of FIG. 12A implemented with
different numbers of electrodes;

FIGS. 12A and 12B are simplified constellation diagrams
showing only closest matching points for implementation of
a 64-QAM using two sets of 7 electrodes and a 256-QAM
using two sets of 10 electrodes, respectively;

FIGS. 13A and 13B are graphs showing the symbol error
rate performance for the devices of FIGS. 12A and 12B,
respectively; and

FIG. 14 is a schematic representation of a prior art
Mach-Zehnder modulator configured as a DAC.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention is a modulator device for convert-
ing digital data into analog modulation of an optical signal.

The principles and operation of modulator devices
according to the present invention may be better understood
with reference to the drawings and the accompanying
description.

Referring now to the drawings, FIG. 1 shows schemati-
cally a modulator device, generally designated 10, con-
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structed and operative according to the teachings of the
present invention, for converting digital data into analog
modulation of an optical signal. Generally speaking, modu-
lator device 10 has an electronic input 12 for receiving an
input data word D of N bits and an electrically controllable
modulator 14 for modulating the intensity of an optical
signal represented by arrow 16. Modulator 14 includes M
actuating electrodes 18 where M=z=N. Modulator device 10
also includes an electrode actuating device 20 responsive to
the input data word D to supply an actuating voltage to the
actuating electrodes 18. It is a particular feature of a first
aspect of the present invention that electrode actuating
device 20 actuates at least one of actuating electrodes 18 as
a function of values of more than one bit of the input data
word D. In other words, at least one of the electrodes is
actuated in a manner differing from a simple one-to-one
mapping of data bits to electrode voltage, thereby providing
freedom to choose the electrode actuation pattern which best
approximates a desired ideal output for the given input.
According to a second complementary, or alternative, aspect
of the present invention, the effective areas of actuating
electrodes are optimized so that at least some of the elec-
trode effective areas differ from a simple factor-of-two
series.

The basic operation of a first preferred implementation of
modulator device 10 will be understood with reference to
FIGS. 2A and 2B. FIG. 2A shows the output intensity values
which would be obtained by supplying a voltage sufficient to
generate full dynamic range modulation to a set of four
electrodes according to a direct mapping of each bit of a
4-bit input data word to a corresponding electrode. The full
range of input values 0000 through 1111 and the correspond-
ing output intensities have been normalized to the range 0-1.
The marked deviation from linearity in the form of a cosine
variation is clearly visible. In contrast, FIG. 2B shows the
output intensity using the same four electrodes after the
input data has been mapped according to the teachings of the
present invention to a pattern of electrode actuation approxi-
mating more closely to a linear response. In other words, for
each input value, the output value from FIG. 2A most closely
approximating the corresponding theoretical linear response
is determined, and the corresponding pattern of electrode
actuation is applied. By way of example, in FIG. 2A, it will
be noted that output point 22 corresponding to an input of
0011 is higher than desired for the ideal linear response. The
outputs generated by electrode actuation patterns corre-
sponding to value 0100 (point 24) is closer to the required
value, and 0101 (point 26) is even closer. An output pattern
01’0101 is thus chosen to correspond to an input of 0011. The
overall result is an output which much more closely approxi-
mates to a linear response as shown.

Most preferably, electrode actuating device 20 includes a
digital-to-digital converter. It will be appreciated that such a
converter may be implemented from very straightforward
and high-speed logic components which make it feasible to
employ the present invention in high frequency systems.
Electronic input 12 may be simply the input pins of digital-
to-digital converter 20. FIG. 4 illustrates a preferred imple-
mentation of the digital-to-digital mapping employed to
generate the output of FIG. 2B. A digital-to-digital converter
suitable for implementing the various embodiments of the
present invention may readily be implemented using com-
mercially available high-speed Application Specific Inte-
grated Circuits (“ASIC”), as will be clear to one ordinarily
skilled in the art.

The first implementation described thus far features
N=M=4 with lengths of the electrodes retaining the conven-
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tional ratios of factors of two and employing simple on-off
level voltage switching of a common actuating voltage to all
currently actuated actuating electrodes. While such an
implementation offers markedly improved linearity of
response compared to the unmodified response of FIG. 2A,
it should be noted that the output intensity is not uniquely
defined for each input value. Where uniqueness of the output
values is required, or where a higher degree of linearity is
needed, further modification may be required. Various forms
of further modification may be employed including, but not
limited to: use of multiple actuating voltage levels; use of
modified electrode lengths; and addition of additional elec-
trodes (i.e., M>N). These different options will be discussed
below.

One option for further modification of the output is to
modify the actuating voltage applied to each electrode, such
as by switching between different distinct voltage levels.

An alternative preferred option for modifying the output
to achieve a better approximation to a linear output is
modification of the electrode lengths relative to the factor of
two series assumed above. A non-limiting example of an
approach for determining preferred electrode proportions
will be presented below in the context of a Mach-Zehnder
modulator. A corresponding practical example of electrode
length values for N=M=4 is shown in the second column of
FIG. 5. FIG. 2C illustrates the intensity output employing
electrodes with lengths in the proportions listed. A compari-
son of the root-mean-square error from linearity for FIGS.
2B and 2C shows that the adjustment of electrode lengths
results in an additional slight improvement to linearity.

A further option for modifying the performance of modu-
lator device 10 is the addition of one or more additional
electrodes, i.e., M>N. This provides an additional degree of
freedom for correcting non-linearity of the response. In the
case of unmodified electrode dimensions related by factors
of'two, each additional electrode is typically half the dimen-
sion of the previously smallest electrode. Where the elec-
trode dimensions are further modified, the additional elec-
trode dimension is preferably included within an
optimization process in order to determine a preferred
dimension for the additional electrode(s) along with the
other electrodes. FIGS. 3A and 3B show outputs from the
device of the present invention for an example of N=4 and
M=5, with and without modification of the electrode dimen-
sions, respectively. The electrode lengths are shown for the
unmodified series in the first column of FIG. 5 and for the
optimized length electrodes in the third column of FIG. 5.

Parenthetically, although the present invention is
described herein in the context of a preferred example of
linearization of a modulator device which inherently has a
non-linear response, the principles of the present invention
may equally be applied to any case where a natural response
of a modulator provides a first function and a desired
response is a different second function which may be linear
or non-linear. Thus, the present invention may be employed
to convert a digital input into an analog output approximat-
ing to any desired response curve within the dynamic range
of the modulator. Non-limiting examples include where a
desired output response curve is sinusoidal or exponential,
or where it is desired to increase the resolution or “contrast”
of the output within a specific range of input values.

Clearly, the present invention is not limited to applications
with 4-bit data input, and can be implemented with substan-
tially any number of data bits commensurable with other
limitations of the system, such as signal-to-noise require-
ments. By way of example, FIGS. 6A-6C, 7A and 7B
illustrate a number of implementations with 8-bit input data
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words. Specifically, for purpose of reference, FIG. 6 A shows
the unmodified output of an 8-bit arrangement where each
data bit is applied directly to a corresponding electrode,
again showing the underlying cosine response of the modu-
lator. FIG. 6B illustrates the output of an implementation
according to the teachings of the present invention with
N=M=8 and standard lengths of electrodes interrelated by
factors of 2, as in the fourth column of FIG. 5. FIG. 6C
shows output for a similar device where the electrode
lengths have been modified according to the values shown in
the fifth column of FIG. 5. FIGS. 7A and 7B show the output
of similar devices for N=8 but with an extra electrode, i.e.,
M=9. In the case of FIG. 7A, the device has unmodified
electrode lengths as shown in the fourth column of FIG. 5,
while in the device of FIG. 7B, the electrode lengths are
modified according to the proportions shown in the sixth
column of FIG. 5.

Example 1
Mach-Zehnder Modulator

By way of example, there will now be presented a
theoretical treatment of one particularly preferred example
of modulator device 10 implemented using a Mach-Zehnder
modulator, also referred to as a Mach-Zehnder Interferom-
eter or “MZI”. This theoretical treatment is presented to
facilitate an understanding of the present invention and as a
suggested technique for calculating certain parameters.
However, it should be noted that the invention as described
above has been found to be effective, independent of the
accuracy or otherwise of this theoretical treatment.

The Mach-Zehnder modulator is an active integrated
waveguide device consisting of a higher index guide region
that splits into two paths which are combined again after a
certain distance. Each of these paths is referred to as a leg
or branch. When used as a switch, the MZI may be turned
“off”” by raising or lowering the index of refraction in one of
the legs. This is achieved by employing the electro-optic
effect to produce a 180-degree change in phase by means of
optical-path length. Intermediate optical attenuation levels
can be obtained by inducing changes other than 180 degrees.

In the case described above of FIG. 1, a 4-bit Digital-to-
Analog Converter, based on a Multi-Electrode (ME) Mach-
Zehnder Interferometer, is presented. The input to the device
consists of 4 bits. Using the Digital-to-Digital converter,
which may be thought of as a look-up table, the 4 data bits
are mapped to 5 electrodes as this realization is equipped
with a single excess electrode. According to one option, if an
electrical rather than optical output is desired, the optical
signal at the output is detected and converted to an electrical
(analog) signal.

It should be noted that, in the context of a MZI, it is
common to split the electrodes to act in an opposite manner
on the two legs of the device, for example, one side raising
and the other lowering the refractive index of the material,
thereby reducing the actuation voltage required. In such
cases, the value M is the number of actuating electrodes on
each of the two waveguide branches of the modulator.
Mathematical Description

The properties of the MZI may be described mathemati-
cally as follows. Let 1 denote a vector of electrode lengths.
The number of elements in 1 is M. Also let V denote a
corresponding vector (of length M) of electrode control-
voltages. When applying a voltage V; only to electrode e,
whose length is 1, the phase of light propagating in the
modulating leg, shifts by
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where v_-1 corresponds to the voltage-length product lead-
ing to a m shift in the phase. It is used as a merit figure of
the MZI modulator. We define new normalized electrode
length by:

b n

Gathering the total contribution from all electrodes, the
following transmission function of the MZI is obtained:

v.LT
ve |

where the superscript T denotes transposition. The contri-
bution from each electrode e, j=1, 2, . . . M, to the total phase
shift, is permitted by applying some non-zero voltage V =v.
We chose to work with binary values for all electrode
voltages, V=0, v, a clearly desirable requirement which,
moreover, makes the design simpler as discussed next. Note
that by setting the lower voltage to a value greater than zero,
the maximum output level of the MZI is decreased thus
reducing the dynamic range. Let D, denote a digital binary
input vector of length N, where i=1, . . ., 2V, For each digital
vector D,, the DDC component in FIG. 1 produces a
corresponding binary vector B, of length M. B, multiplied
by v, represents the actual (internal) vector of voltages
controlling the M electrodes. When multiplying a real num-
ber, B, should be interpreted as binary vector whose ele-
ments are the real numbers {0,1}. With respect to (2), this
means that when V =v, then B, =1, and when V =0, B, =0; B,
being the j-th element of the control vector B,. At this time
we define B to be a matrix of size 2”YxM whose rows consist
of the set of binary control vectors B,, each of length M.
Hence, (2) can be rewritten as

2(” 2)
T(V,L)=cos 5

M 3)
T(B;, L)= cosz[% %Z B;ij]
1

Without loss of generality v=v,, will be assumed hence-
forth. (Preferably V,=v, to ensure full coverage of the
modulating range and efficient use of the input optical
power.) When the number of electrodes equals the number
of data bits, i.e. when M=N, an implementation in a standard
approach according to the system of FIG. 10 while trying to
exploit the dynamic range of the transfer function (3) to its
fullest results in high nonlinearity errors. This is demon-
strated in FIG. 2A for M=N=4. For this demonstration it is
assumed that an unoptimized straightforward selection is
made, where B is the set of all 16 binary 4-tuples, i.e.
B7={0000, . .., 1111} and L is taken as {0.5, 0.25, 0.125,
0.0625}. In the next section, one suggested approach to
optimizing L. and B will be proposed.

Optimization of B and L

In order to improve the linearity as well as the dynamic

range of the conversion process, we propose that the lengths
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of the elements of L and the control vectors B be optimized.
As described above, it is possible to optimize one or both of
B and L. In practice, optimization of L. alone may provide a
non-monotonic variation of output together with some
improvement in linearity and dynamic range. This may be
sufficient for applications in which the non-linearity is
relatively small, such as the semiconductor laser embodi-
ments to be discussed below. For more significantly non-
linear devices, the options of optimized B with unoptimized
L, and optimized B and L are typically more suitable.

We consider these options separately since their imple-
mentation require different hardware. An unoptimized set of
electrode lengths L consists of

L=27, with =1 . . . M. An unoptimized matrix B will
consist of all 2% binary N-tuples. In that case, with a slight
abuse of notations we have that B,=D,; i=0, 1, 2, . . . 2"-1.
Hence, designs with optimized B require Digital-to-Digital
conversion while designs with optimized L only do not.
Whenever B is optimized, and for any number of electrodes
M; M=N, it is understood that a binary input data vector D,
has to be mapped to a control vector B,, yet B,=D,. The
DDC, implemented as all-electronic, shall perform this
mapping operation.

As the optimization criterion we shall use the root mean
square error (RMSE) between an ideal output, represented
by a straight line, and the converter output. Let

denote the ideal analog value required for representing the
digital input D,. The RMSE is defined as follows:

)

2N

1 M 2
Z_NZ U; - cos? EEIB;J-LJ-

i=1

g8, L) =

The optimization problem can now be formulated as
minimizing the values of g(B,L) for all possible values of the
matrix B and the vector L.

Note that this optimum solution is aimed at minimizing
the average (squared) deviation between the desired output
and the converter output. Clearly, this is only one non-
limiting example, and various other linearity measures may
equally be used. Similarly, as mentioned earlier, the desired
output response function itself may take any desired form,
and for each function, a suitable optimization criterion must
be selected.

Approaching (4) as a global optimization problem with an
order of O(2¥xM) variables, is quite involved, especially
since the variables are of mixed type, B is binary while L is
real. (It is related to a nonlinear mixed integer zero-one
optimization problem.) It is therefore typically preferred to
employ a near-optimum two-step approach. First, B is
determined assuming an unoptimized set of electrodes L,
I:j:2"j , with j=1 . . . M. The obtained matrix is denoted by
B. Then, given B, L is obtained such that (4) is minimized.

If' L is an unoptimized set of electrodes, Lj:2"j . Then, the
output of the converter as given by (3) is a function of the
control B; only. Since one aims at obtaining a straight line,
whose quantized values are given by U,, then it is not
difficult to verify that the best approximated selection of B,
is given by
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X 2 5
B = DecZBinM(;arccos(\/ U; )], ®)

where the function Dec2Bin, (x) maps a real value x, O<x=1,
to its closest M-bit binary representation. Note that this, in
effect quantization, process may result in several input data
vectors having the same analog representation. In applica-
tions in which this duplicate representation is considered
problematic, it is effectively mitigated by choosing M>N.

Given B, we proceed to optimize L. Assuming there exists
a set of electrodes L such that

M
cosz[%ZlA?;ij] ~ U Vi,

then as an alternative to (4), we may define an equivalent
cost function, which is easier to handle mathematically:

2N 2 (6)

M
[;arccos(m) — Z B;ij
=1

To minimize this cost function, one needs to differentiate
h(L) with respect to L and equate to O:

2N o @)
Oh ;arccos(\/U_;)—Zl?;ij =0; ¥ k.
=

— B 2
L i

The following equation (more precisely set of equations) is
obtained

N oy N, 8
Z B‘kBULJ = Bik —arccos(\/ U; ),
=1 j=1 =1 i
where k=1, 2 . . . M. In matrix notation the set of equation
translates to a simple expression
AT 12 r ©

L:(B B) ;[arccos(\/?)g] ,

where VU amounts to a component-wise square root. The
solution above grants us an optimized vector of lengths L.

Example 11
Electro-Absorption Modulator

As mentioned earlier, the present invention is not limited
to implementations based on Mach-Zehnder modulators,
and can be implemented using any device which modulates
light intensity as a function of applied voltage. By way of
one additional non-limiting implementation, FIG. 8 shows
an analogous implementation of the present invention using
an electro-absorption modulator.
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An electro-absorption modulator (EAM) is a semiconduc-
tor device which allows control of the intensity of a laser
beam via an electric voltage. Its operational principle is
typically based on the Franz-Keldysh effect, i.e., a change of
the absorption spectrum caused by an applied electric field,
which usually does not involve the excitation of carriers by
the electric field.

By realizing N or more electrodes we can use the EAM as
a high speed electro-optical Digital-to-Analog converter, in
a similar fashion as we used the MZI. As in modulator
device 10 described above, this device includes an electronic
input 12 for receiving an input data word D of N bits and an
electrically controllable modulator 14 with M electrodes for
modulating the intensity of an optical signal represented by
arrow 16. An electrode actuating device 20 is responsive to
the input data word D to supply an actuating voltage to the
actuating electrodes 18.

Here too, to mitigate the non-linear behavior of the
device, electrode actuating device 20 serves as a Digital-
To-Digital Converter is employed to map an N bit input to
a set of M electrodes, determining which of the M electrodes
is actuated for each input value. The particular mapping
varies according to the response characteristic of the par-
ticular modulator, but the principles of operation are fully
analogous to those described above in the context of the
Mach-Zehnder modulator implementation.

Example 111
Modulated Light Generation Device

The present invention is applicable also to other devices
where digital information carried by voltage or current is
translated into analog optical signals in the form of optical
power. This includes also light generation devices like Light
Emitting Diodes (LED) or semiconductor lasers. By way of
illustration, FIG. 9 shows a semiconductor laser implemen-
tation of the present invention.

Specifically, FIG. 9 shows a semiconductor laser DAC
device, generally designated 40, constructed and operative
according to the teachings of the present invention. The
actuating electrode, typically implemented as a single con-
tiguous electrode, is here subdivided into a threshold elec-
trode 42 and M actuating electrodes 18. The threshold
electrode 42 is typically needed to reach a minimum acti-
vation current below which no significant output is gener-
ated. Actuating electrodes 18 are actuated as a function of
the data bits of a digital input 12, in this case a 4-bit data
word, to generate an analog optical signal output of intensity
representing the digital input.

In the particularly simple implementation illustrated here,
neither L. nor B is optimized. In other words, each actuating
electrode 18 is part of a set interrelated with effective areas
in 2:1 relation, and each electrode is actuated as a function
of corresponding single bit of the input data word. The
actuating current is typically roughly proportional to the area
of electrodes actuated. This case is in itself believed to be
patentable, and is thought to be of practical importance.
Optionally, a closer approximation to a linear response can
be achieved by modifying L (electrode proportions) and/or
B (by including a DDC, not shown), all according to the
principles discussed in detail above.

It will be appreciated that a similar device may be
implemented using other semiconductor light generating
devices, such as LEDs. Depending upon the details of the
device used, threshold electrode 42 may not be necessary.
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This and any other necessary device-specific modifications
will be self-evident to one ordinarily skilled in the art.

Example IV
QAM Transmitter

Although described above in the context of devices for
intensity/amplitude modulation, it should be noted that
various embodiments of the present invention are also
effective for modifying the phase of an optical signal, and
can therefore be used as highly compact and simple QAM
(Quadrature Amplitude Modulation) modulators or trans-
mitters.

Specifically, referring back to FIG. 1, it will be noted that,
by configuring the digital-to-digital converter DDC 20 to
apply different actuation patterns to the electrodes on the two
branches of the Mach Zehnder Modulator (MZM), modu-
lation of the output signal phase can be achieved. Such an
implementation will now be described with specific refer-
ence to FIGS. 10-13B.

Turning now to FIG. 10, there is shown a modulator
device, generally designated 100, implemented as a QAM
modulator. Modulator device 100 is essentially similar to the
device of FIG. 1, but has been relabeled to convey more
clearly its function. Specifically, modulator device 100 has
a first plurality M, of actuating electrodes 18a deployed in
operative relation to a first waveguide branch of the modu-
lator and a second plurality M, of actuating electrodes 185
deployed in operative relation to a second waveguide branch
of the modulator. In this case, M,=M,=5. giving a total
number of actuating electrodes M=10. The electrode actu-
ating device is here shown as two distinct digital-to-digital
converters 20a and 205, which are configured to actuate the
first and second pluralities of actuating electrodes 18a and
186 in response to a given input data word D; so as to
additionally modulate the phase of the optical signal.
Clearly, digital-to-digital converters 20a and 205 can alter-
natively be combined into a single DDC with M=10 outputs
with suitable connections to the actuating electrodes on both
branches of the waveguide.

It will be appreciated that modulator device 100 can serve
as an optical 16-QAM transmitter based on a single multi-
electrode MZM (ME-MZM). Each electrode is divided into
5 segments, separately driven by two voltage signals, 0 and
V representing binary O and 1, respectively. The center
electrode is a common ground for the active electrode
segments. The role of the modulator is to generate a desired
M-QAM constellation which is composed of complex opti-
cal field values. The modulator is expected to generate 2
signals:

s=r&® r>0, 0=0,22m, i=1, ... 2™, (10)

In our example of a 16-QAM with two sets of 5 elec-
trodes, as an input, the QAM transmitter accepts an electri-
cal 4-bit digital input word, denoted D,. The input word is
mapped by two Digital-to-Digital Converters (DDC) onto
each of the 10 (electrode) segments, whose lengths are the
vectors L. Each DDC outputs a 5-bit word, denoted as B,
and B2. The output of transmitter can be written as:

N N

1 L 1 2
Bty = —=Epexp j27r§ BLIL Y + — Epexp —j2n§ BiI2
TNz { A -

J
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where E,, the optical field amplitude entering the modulator
and N, N, are the number of segments on each arm. The
elements L 'el'+* represent normalized electrode lengths
on each arm. The two-level Bijl’2 coeflicients are elements of
the matrices B,"* and represent whether voltage v was
applied to the j-th segment, on the respective arm. The index
j enumerates the electrodes, J={1 .. .N, ,} on each arm. The
summation is normalized to span OstAfBijl’zLjsl, such that
each arm induces a phaseshift of 0=A¢p=2m.

The application of the electrical signals is preferably
directly upon the modulator without any mediating circuits,
referred to herein as “Direct Digital Driving”. The modula-
tor can be regarded as a 2D Digital-to-Analog (D/A) con-
verter, that converts a digital word into an optical vector
signal.

The design of the transmitter involves the setting of
electrode lengths, L.'* and DDC mappings, B,', that will
generate all the required signals given in Eq. (10). An
effective combination of the electrode lengths and digital
mappings may be derived either by analytical methods or
numerically. A simple numerical derivation will now be
presented.

AME-MZM with N, , electrode segments on each arm is
capable of generating 2™+ signals. Thus, by choosing
carefully the electrode lengths, and assuming the number of
segments sufficient to generate at least 2#V**2>M different
signals, all the required signals described by Eq. (10) can be
picked out of the generated signals pool.

As an example, FIG. 11A shows the an ideal Square-16-
QAM constellation, which is the required signal constella-
tion, and a signal pool

As an example, FIG. 11A shows the an ideal Square-16-
QAM constellation, which is the required signal constella-
tion, and a signal pool which was generated with {5,5}
electrodes. The best matched signals at the pool are marked
in figure. It can be seen that there is a good match between
the ideal and the best matched generated constellations.

Table 1 compares between an ideal 16-QAM constellation
and a generated constellation with different combinations of
number of electrodes each arm. It presents the symbol
minimum distance and the root mean square error. The latter
provides a measure of agreement between the ideal and the
generated constellations. Configurations with {2,2}, {2,3}
and {3,3} electrodes provide less than 16 different signals
(minimum distance of 0) and therefore cannot be used for
generation of 16-QAM.

TABLE 1
N.. N,
Ideal 4,2 4,3 4,4 4,5 55 5,6 6,6
Minimum 2 1.66 1.66 1.66 1.30 1.83 1.67 1.67
Distance
RMSE 0 4.64 4.64 453 442 464 452 457

FIG. 11B presents the Symbol Error Rate (SER) perfor-
mance for a range of Signal to Noise Ratios (SNR) for an
Additive White Gaussian Noise (AWGN) channel. It can be
seen that when using {6,6} electrodes, the performance
graph closely matches that of ideal 16-QAM constellation.
Using a higher number of electrodes can lower the SER ever
further toward the ideal curve. SER performance can be
slightly improved by further tuning the decoding hypothesis
testing at the receiver side to the generated constellation.

The electrode lengths used for the generation of FIG. 11B
follow a binary sequences, L'*=27. Tweaking the electrode
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lengths has small impact on the modulator performance. In
Eq. (11), we assumed driving signals of 0 and 2V . The high
driving signal can be lowered by extending the total elec-
trode length twice its size. The opposite signs in the expo-
nents in the two terms of Eq. (11) are already implemented
by the geometry of the electrode disposition of FIG. 10,
when the signs of the voltages applied are the same, since
then the electric fields have opposite directions. Other elec-
trode dispositions exist for different cuts of the electro-optic
crystals, and the appropriate way of applying the voltage
with the right signs should be clear to a person skilled in the
art.

Referring now to FIGS. 12A-13B, it will be appreciated
that the proposed modulator is capable of generating high
order QAM constellations. FIG. 12A depicts the ideal
64-QAM constellation together with one generated using a
{7,7} electrodes modulator, while FIG. 12B shows an ideal
256-QAM constellation together with the one generated
using a {10,10} electrodes modulator. It can be seen that
there is a good match between the ideal and the generated
constellations. FIGS. 13A and 13B show the Symbol Error
Rate performance for the generated constellations of FIGS.
12A and 12B, respectively.

A simple implementation of this embodiment described
thus far generates Non-Return-to-Zero (NRZ) signals. NRZ
permits constant intensity for similar consecutive bits, and is
thus more susceptible to Inter-Symbol-Interference and
other nonlinear propagation distortions. Return-to-Zero
(RZ) format is a pulsed modulation where the signal “returns
to zero” after every bit. This format provides better perfor-
mance than NRZ, but usually requires additional hardware,
such as a pulse carver. A transmitter based on the modulator
of an embodiment of the invention can readily be extended
to produce RZ pulses with minimal if any additional hard-
ware. By adding an RZ control line to the DDC, as shown
in FIG. 10, which serves as a trigger determining whether
the output optical amplitude should be zero or other, the
whole modulator will be capable of generating RZ signals.
When the added control line is high, the DDC will map the
electrode actuation pattern to the pattern corresponding to
the middle point of the constellation, which is zero.

For the constellation presented in FIG. 10, B,={00010}
and B,={01110} will output zero (or minimum) power
because it will generate a phase difference of & between the
two arms of the MZM.

While the present invention has been presented as a
digital-to-analog optical modulator, it should be noted that
each embodiment of the invention may be modified to
provide analog electrical output by use of an optical-to-
electrical (O/E) converter. This option is illustrated in FIG.
1 as optional O/E converter 30. If the O/E converter itself
has a non-linear response function, the present invention
may advantageously be used to optimize the system param-
eters to linearize the electrical output rather than the (inter-
mediate) optical output. Analogously, any nonlinearity
induced by the optical medium used for transmitting the
signal (e.g. optical fiber) can be compensated for by using
O/E converter 30 as a linearizing device.

The present invention is applicable to substantially all
applications requiring a DAC with optical or electrical
output. Examples of particular interest include, but are not
limited to, wireless communications systems, fiber-optic
communication systems, cellular telephone networks, cable
television, military applications, medical applications and
hyper/super computer communications.

It will be appreciated that the above descriptions are
intended only to serve as examples, and that many other
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embodiments are possible within the scope of the present
invention as defined in the appended claims.

What is claimed is:

1. A system for converting digital data into a modulated
optical signal, comprising:

(a) an electrically controllable device having M actuating
electrodes for actuating said device, the device provid-
ing an optical signal that is modulated in response to
binary voltages applied to the actuating electrodes; and

(b) an electrode actuating device having an electronic
input for receiving digital input data words having a
plurality of bits, and at least one digital-to-digital
converter being enabled to provide a mapping of the
input data words to binary actuation vectors of M bits
and supplying the binary actuation vectors as M bits of
binary actuation voltages to the M actuating electrodes,
where M>N; N representing a number of bits in each
input data word;

wherein the at least one digital-to-digital converter is
enabled to map each digital input data word to a binary
actuation vector of M bits by selecting a binary actua-
tion vector from a subset of a total 2 possible binary
actuation vectors of M bits available to represent each
of the received input data words of N bits.

2. The system of claim 1, wherein the M actuating
electrodes are disposed on two or more waveguide branches
of the electrically controllable device.

3. The system of claim 1, wherein each bit of the selected
binary actuation vector of M bits representing the input data
word controls a single actuating electrode of the electrically
controllable device.

4. The system of claim 2, wherein each bit of the selected
binary actuation vector of M bits representing the input data
word controls a single electrode on a single branch of the
two or more waveguide branches of the electrically control-
lable device.

5. The system of claim 2, wherein each bit of the selected
binary actuation vector controls a single electrode on each of
a plurality of the two or more waveguide branches of the
electrically controllable device.

6. A system for transmitting and receiving optical data, the
device comprising;

(1) an optical modulator device for transmitting an optical

data signal, the optical modulator comprising:

(a) an electrically controllable device having M actuating
electrodes for actuating said device, the device being
enabled to provide an optical signal that is modulated
in response to binary actuation voltages applied to the
actuating electrodes; and

(b) an electrode actuating device having an electronic
input for receiving digital input data words having a
plurality of bits, and at least one digital-to-digital
converter enabled for providing a mapping of each
input data word to a binary actuation vector of M bits
and supplying the binary actuation vector to the M
actuating electrodes as actuation voltages, where M>N,
N representing a number of bits in each input data
word;

wherein the at least one digital-to-digital converter is
enabled to map each digital input data word to the
binary actuation vector by selecting said binary actua-
tion vector from a plurality of possible binary actuation
vectors of M bits to choose an electrode actuation
pattern which best approximates a desired output for
the received input data word of N bits; and

(2) an optical receiver for receiving optical data, the
optical receiver comprising an optical-to-electrical con-
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verter that receives a modulated optical signal and
converts the modulated optical signal to electrical sig-
nals.

7. The system of claim 6, wherein the M actuating
electrodes are disposed on two or more waveguide branches
of the electrically controllable device.

8. The system of claim 6, wherein each bit of the selected
binary actuation vector of M bits representing the input data
word controls a single actuating electrode of the electrically
controllable device.

9. The system of claim 7, wherein each bit of the selected
binary actuation vector controls a single electrode on a
single branch of the two or more waveguide branches of the
electrically controllable device.

10. The system of claim 7, wherein each bit of the selected
binary actuation vector controls a single electrode on each of
a plurality of the two or more waveguide branches of the
electrically controllable device.

11. A system for transmitting and receiving data, com-
prising;

(1) an optical transmitter for modulating and transmitting
an optical data signal, the optical transmitter compris-
ing:

(a) at least an optical signal source providing at least an
optical input signal;

(b) an electrically controllable device receiving the optical
input signal from the optical signal source, the electri-
cally controllable device having M actuating electrodes
for actuating said electrically controllable device, the
electrically controllable device enabled to modulate the
optical signal in response to binary actuation voltages
applied to the actuating electrodes to generate a modu-
lated optical data signal; and

(c) an electrode actuating device having an electronic
input for receiving digital input data words having a
plurality of bits, and at least one digital-to-digital
converter being enabled for providing a mapping of
each input data word to a binary actuation vector of M
bits and supplying the binary actuation vector to the M
actuating electrodes as actuation voltages, where M>N,
N representing a number of bits in each input data
word;

wherein the at least the one digital-to-digital converter is
being enabled to map each digital input data word to the
binary actuation vector by selecting said binary actua-
tion vector from a plurality of possible binary actuation
vectors of M bits to choose an electrode actuation
pattern which best approximates a desired output for
the received input data word of N bits; and

(2) an optical receiver for receiving and converting modu-
lated optical data signals to electrical data, the optical
receiver comprising an optical-to-electrical converter
that receives modulated optical data signals and con-
verts the modulated optical data signals to electrical
signals.

12. The system of claim 11, wherein the M actuating
electrodes are disposed on two or more waveguide branches
of the electrically controllable device.

13. The system of claim 11, wherein each bit of the
selected binary actuation vector of M bits representing the
input data word controls a single actuating electrode of the
electrically controllable device.

14. The system of claim 12, wherein each bit of the
selected binary actuation vector controls a single electrode
on a single branch of the two or more waveguide branches
of the electrically controllable device.
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15. The system of claim 12, wherein each bit of the
selected binary actuation vector controls a single electrode
on each of a plurality of the two or more waveguide
branches of the electrically controllable device.

16. The system of claim 11, wherein the optical signal 5
source comprises an optical laser.

17. The system of claim 11, wherein the optical signal
source comprises a light emitting diode (LED).

#* #* #* #* #*
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